Introduction
============

The development of next-generation DNA sequencing (NGS) technology has produced an explosion of research data about point mutations and structural genomic alterations in a wide variety of cancers. The complete genomes of breast cancers and other solid tumors have recently been published \[[@B1]\]. These large-scale initiatives have identified rare genomic alterations that are potential therapeutic targets to guide individualized treatment. The development of personalized medicine has been buoyed by the clinical success of several molecular targeted agents linked to predictive biomarkers such as erlotinib or gefitinib in *EGFR* mutant non-small cell lung cancer (NSCLC), vemurafenib in *BRAF* V600E mutant melanoma, and crizotinib in *EML4-ALK* translocated NSCLC. Sequencing clinical tumor specimens to identify potentially ?druggable? somatic tumor DNA alterations is an emerging paradigm and its application in breast cancer is the focus of this review. Although other high-throughput technologies that quantify RNA expression, such as reverse transcriptase-polymerase chain reaction (PCR) and microarrays, have provided seminal insights into the molecular classification of breast cancer, they have been reviewed previously and will not be discussed \[[@B2]\].

Despite advances in our understanding of the landscape of genomic alterations in breast cancer, molecular diagnostics testing to inform clinical decision-making in breast cancer and other solid malignancies has lagged behind. Few targeted drugs are approved for breast cancer treatment on the basis of a predictive biomarker. Currently, estrogen receptor (ER) expression testing by immunohistochemistry (IHC) and human epidermal growth factor receptor 2 (*HER2*) overexpression by IHC or gene amplification detected by *in situ* hybridization are the only routinely used biomarkers to select for molecular targeted treatments. Gene expression signatures, such as Oncotype DX (Genomic Health, Inc., Redwood City, CA, USA) and MammaPrint (Agendia Inc., Irvine, CA, USA), are used to identify patients who have early-stage, ER^+^ breast cancers that should be treated with adjuvant chemotherapy. ER^+^ tumors are treated with tamoxifen, aromatase inhibitors (AIs), or other endocrine therapies, whereas *HER2*^+^ tumors are treated with trastuzumab, lapatinib, pertuzumab, trastuzumab-DM1, and other *HER2*-targeted therapies. Testing for certain somatic point mutations, such as *KRAS* in colorectal cancer (CRC) and *BRAF* in melanoma, is regularly performed in clinically accredited laboratories. The limitation of this ?single gene, single test? approach, however, is that it fails to identify other potentially relevant aberrations that may impact on clinical decisions \[[@B3]\].

NGS technology refers to methods beyond automated Sanger sequencing that use different techniques to parallelize assays in order to rapidly process thousands to millions of short-read DNA sequences concurrently \[[@B4]\]. These high-throughput, multiplexed assays can identify changes in DNA sequence, gene copy number, structure, or expression. This allows the detection of genetic alterations such as sequence changes in DNA which result from nucleic acid substitutions and insertions or deletions (indels) due to somatic (non-inherited) or germline (inherited) mutations; inherited single-nucleotide polymorphisms (SNPs); structural changes from chromosomal translocations; and copy number variations that involve deleted or amplified DNA segments or genes \[[@B5]\]. These advances have made sequencing entire genomes, exomes (exons in the genome), and transcriptomes (expressed genes) viable. High-throughput technologies are an attractive approach for clinical diagnostic testing because they consolidate single-gene tests and allow deep characterization of targeted regions of the genome enriched in cancer genes that are frequently altered at an affordable cost and in an efficient time frame \[[@B6]\]. This raises the prospect of integrating such technologies at the point of clinical care and addresses the limitations of the ?single gene, single test? paradigm.

Beyond ER and *HER2* directed therapies, a variety of promising investigational agents under clinical development are likely to be effective for small subsets of patients whose tumors harbor rare driver mutations. Targeting these genetic alterations is a rational strategy as cells harboring driver mutations may have a survival advantage \[[@B7],[@B8]\]. The ability to perform multiplexed testing for a range of recurrent molecular alterations provides an opportunity to identify patients with rare driver aberrations who may be candidates for clinical trials with matched targeted therapies \[[@B9]\]. Genomic characterization of tumors with high-throughput technologies is an enrichment strategy that may improve the likelihood of success for testing of new cancer drugs \[[@B10],[@B11]\].

The true merits of high-throughput genomic screening to promote personalized cancer medicine remain to be established. The traditional paradigm of new drug testing through phase I, II, and III clinical trials is a long and costly process that is further complicated by restricting eligibility to cancers with rare molecular alterations. However, proof-of-concept clinical trials that confirm the value of matching investigational targeted treatments to rare molecular alterations in breast cancer and other malignancies are beginning to emerge \[[@B12]\]. Results from a phase I trial of an alpha-specific PI3-kinase inhibitor, BYL719, in patients with *PIK3CA* alterations have been presented \[[@B13]\]. Lucitanib (E-3810) is a fibroblast growth factor receptor (FGFR) and vascular endothelial growth factor receptor tyrosine kinase inhibitor that has produced durable responses in patients with *FGFR1*-amplified tumors, including metastatic breast cancers \[[@B14]\]. Sequential testing of infrequent genomic alterations to identify candidates for clinical trials with matched targeted agents is inefficient, expensive, and wasteful of scarce archived tumor tissue resources \[[@B15]\]. Comprehensive molecular screening programs that provide simultaneous testing of multiple biomarkers early in the course of a patient?s disease with access to a broad portfolio of investigational or approved targeted drugs matched to molecular alterations are most likely to advance personalized cancer medicine.

Molecular landscape of breast cancer
====================================

Large-scale comprehensive sequencing of breast cancer genomes through initiatives such as The Cancer Genome Atlas (TCGA), the International Cancer Genome Consortium, and the Molecular Taxonomy of Breast Cancer International Consortium \[[@B16]\] reveals the molecular complexity of breast cancer. These studies have several important clinical implications. *TP53* (37%) and *PIK3CA* (36%) are the most frequently mutated genes in breast cancer \[[@B1]\]. Many other genes demonstrate recurrent mutations at lower frequencies (between 1% and 8%), reflecting the broad molecular heterogeneity of breast cancer \[[@B1],[@B17]-[@B20]\]. Certain low-frequency mutations are linked to therapeutic response and others may serve as potential drug targets. Pathways that were thought to be important, such as the PI3-kinase signaling pathway, have been confirmed by frequent mutations or amplifications in its various components (*PIK3CA*, *AKT1*, *AKT2*, *AKT3*, and *INPPB4*), especially in ER^+^ tumors. However, the clinical relevance of particular alterations remains to be established, as demonstrated by the association of *PIK3CA* mutations with favorable biological characteristics and improved clinical outcome in early-stage ER^+^ breast cancer \[[@B21]\]. In addition to pathways known to be important in the biology of breast cancer, other novel pathways have been implicated in breast tumors analyzed in large-scale genome projects, such as the stress-induced JUN-kinase pathway via loss-of-function mutations in *MAP3K1* and *MAP2K4* that may predict sensitivity to chemotherapy in ER^+^ tumors \[[@B1],[@B19]\].

Recently, the TCGA project performed exome sequencing for somatic mutations in tumor and matched normal breast tissue in addition to annotating germline variants in a select number of loci with a known predisposition for breast cancer \[[@B1]\]. This project included genome copy number analysis; microRNA, gene, and protein expression by sequencing, mRNA arrays, and reverse-phase protein arrays, in addition to DNA methylation analysis of 507 breast tumors \[[@B1]\]. Distinct mutation patterns were observed in the intrinsic molecular subtypes defined by the prediction analysis of microarrays-50 mRNA expression-based classifier (luminal A and B, *HER2*-enriched, and basal-like) \[[@B22]\]. *TP53* aberrations were observed more frequently in the predominantly ER^?^*HER2*-enriched (72%) and basal-like (80%) subtypes, whereas mutually exclusive mutations in *MAP3K1*, *MAP2K4*, and *GATA3* were seen predominantly in ER^+^ luminal A and luminal B breast cancers. *In silico* analysis with the Mutational Significance in Cancer framework discovered 35 genes that were mutated at rates significantly above the background mutation rate, suggesting a pathological role for these implicated genes.

Stephens and colleagues \[[@B17]\] identified nine new cancer genes after exome sequencing of 100 breast tumors, and mutations in seven of these genes were predicted to result in truncated proteins, implying that wild-type versions of these proteins have a tumor-suppressor function. Mutations in tumor-suppressor genes are generally distributed across the gene and do not cluster in hotspots, complicating detection of these aberrations in a clinical setting. The accumulation of certain DNA base substitutions (cytosine at cytosine-thymine dinucleotides) was noted to correlate with age, histological grade, and ER^?^ tumors and thus could be used as an identifying signature \[[@B17]\]. In 104 triple-negative breast cancers, Shah and colleagues \[[@B18]\] used deep re-sequencing technologies and RNA sequencing to demonstrate inter- and intra-tumor variability in somatic mutations and copy number aberrations. Few of the identified mutations were potentially ?druggable?, illustrating the challenges of developing new treatments for this aggressive breast cancer subtype.

Ellis and colleagues \[[@B19]\] performed whole-genome sequencing (WGS) (46 cases) and whole-exome sequencing (WES) (31 cases) on 77 post-menopausal ER^+^ breast cancer samples prior to neoadjuvant treatment with an AI. Among their notable findings were that 18 genes were observed to be mutated above the expected background mutation rate, *GATA3* mutations were associated with tumor shrinkage with AI treatment, and tumors with high Ki-67 expression demonstrated a higher frequency of somatic mutations and structural variations that were associated with resistance to AI therapy. In another report of 103 whole-exome and 22 whole-genome sequences of breast tumors from Mexico and Vietnam, Banerji and colleagues \[[@B20]\] described three new aberrations. In ER^+^ tumors, two loss-of-function mutations in the dimerization partners *CBFB* transcription factor and *RUNX1* may produce resistance to endocrine therapies and have been implicated in the M2 subtype of acute myeloid leukemia. A *MAGI3-AKT3* gene fusion was identified in 5 out of 72 basal-like tumor samples and is associated with AKT kinase activation, which may be a potential target for inhibitors of this pathway.

In summary, the major finding from these large-scale projects is that the genomic landscape of breast cancer is very heterogeneous. An aberrant PI3-kinase pathway is significant for both luminal- and basal-type breast cancer. Other pathways important in luminal-type tumors are the *P53*-*MDM2* feedback loop, the stress kinase pathway, and the cell cycle molecules cyclin D1, CDK 4/6, and the retinoblastoma protein. Although somatic alterations, including *TP53* mutations, *PIK3CA* mutations, and *ERBB2* amplification, are observed relatively frequently (at least 15%) in breast cancer, many additional potentially ?druggable? genomic alterations occur more infrequently. Classifying low-frequency somatic aberrations as either driver or passenger mutations is a challenge, which is further complicated by the large burden of passenger mutations that can be identified by genome-wide sequencing strategies. Determining the functional significance of low-frequency mutations may be possible through *in silico* pathway analyses, in addition to functional experiments. Table?[1](#T1){ref-type="table"} provides an overview of investigational drugs currently in clinical development with putative molecular predictive biomarkers that could be identified through molecular screening programs.

###### 

Selected experimental therapies currently in clinical development with putative molecular predictive biomarkers

  **Class of targeted**                                                                                                                                                           **Putative predictive**                                                                                                               **Drug examples and clinical phase**
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  pan-PI3K inhibitor                                                                                                                                                              *PIK3CA* mutation                                                                                                                     BKM-120: phase I results published PMID 22162589.
  *PIK3CA* amplification                                                                                                                                                          Phase II ongoing in triple-negative breast cancer (TNBC) (NCT01629615) and ongoing phase III in *HER2*^?^ MBC (NCT01610284)           
  *PTEN* deficiency                                                                                                                                                                                                                                                                                                     
  *PIK3R1* mutation                                                                                                                                                               GDC-0941: phase II trial combined with paclitaxel in MBC (NCT01740336) and a phase II trial combined with fulvestrant (NCT01437566)   
  *INPP4B* mutation                                                                                                                                                                                                                                                                                                     
  XL147: two completed phase I trials in breast cancer ? combined with Letrozole (NCT01082068) and combined with trastuzumab +/? paclitaxel (NCT01042925)                                                                                                                                                               
  ?-isoform PI3K inhibitor                                                                                                                                                        *PIK3CA* mutation                                                                                                                     BYL719: preliminary data presented at American Association for Cancer Research, 2012 *Cancer Res*: Abstract CT-01 \[[@B13]\]. Currently in phase IB/II testing in combination with ganitumab in solid tumors (NCT01708161). Combined in phase I trial with letrozole (NCT01791478) and as a single agent in *PIK3CA* altered tumors (NCT01219699)
  *PIK3CA* amplification                                                                                                                                                                                                                                                                                                
  GDC-0032: a beta isoform-sparing PI3K inhibitor. Results of a first-in-human phase Ia dose escalation study presented at American Association for Cancer Research, 2013 LB-64                                                                                                                                         
  ?-isoform specific PI3K inhibitor                                                                                                                                               *PTEN* deficiency                                                                                                                     GSK2636771: currently in phase I/IIA testing in solid tumors (NCT01458067)
  AKT inhibitor                                                                                                                                                                   *PIK3CA* mutation                                                                                                                     MK2206: ongoing phase I study combined with multiple AIs (NCT01344031)
  *PIK3CA* amplification                                                                                                                                                                                                                                                                                                
  *PTEN* deficiency                                                                                                                                                               GDC-0068: phase Ib study (NCT01562275), phase Ib with docetaxel, paclitaxel, or modified FOLFOX (NCT01362374)                         
  *AKT1* mutation                                                                                                                                                                                                                                                                                                       
  *AKT1* amplification                                                                                                                                                            AZD5363: phase I combined with paclitaxel in breast cancer (NCT01625286)                                                              
  mTOR inhibitor                                                                                                                                                                  *PIK3CA* mutation                                                                                                                     Everolimus: completed phase III study combined with exemestane in hormone receptor-positive MBC \[[@B23]\]. BOLERO-3 is an ongoing phase III trial combining everolimus with vinorelbine and trastuzumab (NCT01007942)
  *PIK3CA* amplification                                                                                                                                                                                                                                                                                                
  *PTEN* deficiency                                                                                                                                                                                                                                                                                                     
  *AKT1* mutation                                                                                                                                                                                                                                                                                                       
  *AKT1* amplification                                                                                                                                                                                                                                                                                                  
  *INPP4B* mutation                                                                                                                                                                                                                                                                                                     
  *FGFR3* mutation                                                                                                                                                                                                                                                                                                      
  FGFR inhibitor                                                                                                                                                                  *FGFR1* amplification                                                                                                                 BGJ398: preclinical studies demonstrated *FGFR1* amplification predicts for response to BGJ398 PMID: 23002168. Ongoing phase I in solid tumors with amplification of *FGFR1*/2 and *FGFR3* mutation (NCT01004224)
  *FGFR2* amplification                                                                                                                                                                                                                                                                                                 
  Dual FGFR and VEGF inhibitor                                                                                                                                                    *FGFR1* amplification                                                                                                                 Lucitanib (E-3810): phase I results presented at European Society for Clinical Oncology 2012 Annual Meeting \[[@B14]\]
  *FGF3*/*FGF4* amplification                                                                                                                                                                                                                                                                                           
  PARP inhibitor                                                                                                                                                                  *BRCA1* mutation                                                                                                                      Olaparib: completed phase II trial in TNBC PMID: 21862407
  *BRCA2* mutation                                                                                                                                                                Veliparib: phase I/II combined with cyclophosphamide (NCT01351909), multiple phase I studies in combination with chemotherapy         
  *BRAF* inhibitor                                                                                                                                                                *BRAF* mutation                                                                                                                       Vemurafenib: approved in melanoma
  MEK inhibitor                                                                                                                                                                   *KRAS* mutation                                                                                                                       Trametinib: completed phase III trial in *BRAF* mutant melanoma PMID: 22663011
  *BRAF* mutation                                                                                                                                                                                                                                                                                                       
  *NRAS* mutation                                                                                                                                                                                                                                                                                                       
  *HRAS* mutation                                                                                                                                                                                                                                                                                                       
  *CMET* inhibitor                                                                                                                                                                *CMET* amplification                                                                                                                  Tivantinib: completed phase II trial and currently in phase III trial MARQUEE in NSCLC
  *EGFR* inhibitor                                                                                                                                                                *EGFR* mutation                                                                                                                       Gefitinib: approved in NSCLC
  *HER2* inhibitor                                                                                                                                                                *HER2* mutation/amplification                                                                                                         Trastuzumab and lapatinib: phase III study completed in MBC (EGF104900) PMID: 22689807
  *IGF1R* inhibitor                                                                                                                                                               *IGF1R* amplification                                                                                                                 Ganitumab (AMG479): negative phase II study with exemestane or fulvestrant \[[@B24]\]
  *MDM2* inhibitor                                                                                                                                                                *MDM2* amplification                                                                                                                  RG7112: preclinical and proof-of-concept studies performed. Completed phase I in solid tumors (NCT00559533) results pending
  *P53* wild-type                                                                                                                                                                                                                                                                                                       
  CDK inhibitor                                                                                                                                                                   *CDK4* mutation                                                                                                                       PD 0332991: completed phase I study in retinoblastoma-positive tumors PMID: 22090362 and a phase III study in combination with letrozole in ER^+^*HER2*^?^ MBC that is yet to open (NCT01740427)
  *CDKN2A* absent or low expression levels                                                                                                                                                                                                                                                                              
  Cyclin D1 expression                                                                                                                                                                                                                                                                                                  
  Gamma secretase inhibitor                                                                                                                                                       *NOTCH*1 amplification                                                                                                                MK-0752: completed phase I study in solid tumors PMID: 22547604 and MBC (NCT00106145) with results pending.
  *MAST*/*NOTCH* family rearrangements                                                                                                                                                                                                                                                                                  
  BMS-906024: single-agent phase I study (NCT01292655) and phase I combined with chemotherapies (NCT01653470)                                                                                                                                                                                                           
  WNT inhibitor                                                                                                                                                                   *CTNNB1* mutation                                                                                                                     Small molecules, blocking antibodies, and peptides in preclinical development

AI, aromatase inhibitor; BOLERO-3, Breast cancer trials of OraL EveROlimus-3; CDK, cyclin-dependent kinase; *EGFR*, epidermal growth factor receptor; ER, estrogen receptor; FGFR, fibroblast growth factor receptor *HER2*, human epidermal growth factor receptor 2; *IGF1R*, insulin-like growth factor-1 receptor; MBC, metastatic breast cancer; *MDM2*, murine double minute 2; MEK, MAP/ERK kinase; mTOR, mammalian target of rapamycin; NSCLC, non-small cell lung cancer; P13K, phosphatidylinositide 3-kinase; PARP, poly (ADP-ribose) polymerase; VEGF, vascular endothelial growth factor.

Molecular screening initiatives
===============================

Platforms for clinical testing
------------------------------

Genotyping techniques determine predefined genetic variations at specific locations or ?hotspots? where mutations commonly cluster. Screening panels based on genotyping platforms, such as OncoCarta? or OncoMap (Sequenom, San Diego, CA, USA) and the SNaPshot? assay (Applied Biosystems, Foster City, CA, USA), are able to detect known base-pair substitutions and limited indels. This is distinct from direct DNA sequencing technologies, which determine DNA aberrations by establishing the order of nucleic acid pairs and thus can determine translocations, larger indels, or novel base-pair substitutions. The advantage of genotyping or multiplexed PCR-based platforms is that they provide excellent coverage of frequently mutated ?druggable? oncogenes when mutations accumulate in a limited number of DNA sequence regions, such as *KRAS* (nine bases account for more than 99% of all mutations), *BRAF* (15 to 18 bases account for more than 90% of all mutations), and *PIK3CA* (12 to 15 bases account for more than 80% of all mutations) \[[@B25],[@B26]\]. However, for clinically relevant tumor-suppressor genes, such as *TP53*, *PTEN*, *BRCA1*, or *BRCA2*, in which mutations are more widely distributed across a much larger DNA coding region, the ability to detect mutations using these platforms is limited to a few selected hotspots. Genotyping systems do not routinely detect gene amplifications, deletions, or translocations that may be clinically relevant.

Sequenom, SNaPshot, and other PCR-based multiplex assays are constrained by bandwidth and throughput. NGS technologies parallelize the sequencing process, producing thousands of DNA sequencing reads at once to allow sequencing of entire exomes or genomes (Table?[2](#T2){ref-type="table"}). NGS was initially outside the scope of clinical testing and its use was restricted to large research genome centers with access to expensive high-throughput sequencing platforms and high-performance computing to decipher complex NGS data. However, recently developed ?bench-top? NGS instruments, such as the MiSeq (Illumina, Inc., San Diego, CA, USA) and Ion Torrent Personalized Genome Machine (PGM) (Life Technologies, Guilford, CT, USA), have removed the high cost and complexity of genome-scale sequencing. They provide moderate throughput with streamlined library preparation, fast run times, long DNA reads, and relatively automated bioinformatics processing that are well suited to clinical sequencing applications. Both MiSeq and Ion Torrent PGM can sequence a targeted panel of clinically relevant cancer genes (coding regions of 1,000 or more genes with 30? to 50? coverage or approximately 100 genes with at least 1,000? coverage) to identify rare (less than 5% prevalence) mutations and copy number alterations with a rapid turnaround time (of 1?week or less), which can be integrated within clinical workflow. These medium-sequencing throughput systems are unable to do WES or WGS and have limited ability to detect translocations, unless hotspot translocation breakpoints are included to enable detection of such events.

###### 

Comparison of different sequencing approaches

  **Sequencing strategy**                                 **Single-gene**                                                                              **Multiplex**                                                                                                      **Targeted gene**                                    **Whole-exome**   **Whole-genome**
  ---------------------------------------------- ---------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------ ----------------- ------------------
  Number of genes                                                1                                                                                        20 to 40                                                                                                            40 to 100                                           \>22,000           \>22,000
  Percentage of genome covered                                0.000075                                                                                     0.005                                                                                                                 0.03                                                 1                100
  Processing time                                           Rapid (days)                                                                                (1?2?weeks)                                                                                                          (\>4?weeks)                                                        
  Cost                                                    Cheap (\<\$250)                                                                  Affordable/economical (\$500 to \$750)                                                                                       Expensive (\>\$5,000)                                                   
  Mutational profile                              Very limited - only for one gene   Will detect mutations in selected genes from pathways relevant to oncogenesis or for which a targeted therapy exists or is in clinical development                               Most comprehensive profile                                                
  Depth of coverage                                        Not applicable                                                 \>500? for clinical testing, deeper coverage will detect more mutations                                         Research testing typically 20? to 40?. No guidelines for clinical testing coverage                    
  ?Actionable? mutations                           Test actionable mutations only                                                            Depends on the design of the panel                                                                                 Many mutations will not be actionable                                           
  Mutations of uncertain clinical significance                   No                                                               Few mutations will be of uncertain clinical significance                                                            Many mutations will be of uncertain clinical significance                                 

Various sequencing strategies present specific challenges that must be balanced against their perceived and actual benefits (Table?[2](#T2){ref-type="table"}). WES/WGS will provide the most comprehensive genomic characterization when compared with genotyping or targeted sequencing-based platforms. The clinical utility or actionability of the additional alterations detected by WES/WGS compared with targeted sequencing involving cancer-specific gene panels for treatment selection or matching patients to clinical trials remains to be determined. This is due in part to how actionability is defined, either (a) in a broad context whereby a mutation is actionable if it has a diagnostic, prognostic, or predictive implication or (b) more narrowly to mutations that predict response or resistance to available drugs. In spite of these challenges, NGS is an appealing technology for clinical use because it allows the amalgamation of multiple single-gene tests into a single assay to screen for rare molecular alterations that can be matched to approved or investigational targeted therapies. Such systematic sequencing can deeply characterize a tumor by detecting somatic mutations, SNPs, copy number variations, and translocations. Furthermore, sample heterogeneity does not abrogate the detection of mutations by NGS. The discovery of mutations by programmatic screening of diverse tumor types may enable targeted therapies to be re-purposed into cancers outside that drug?s recommended disease sites and thus broaden the population of patients who may benefit from that treatment. As a result, most ongoing molecular screening programs with genotyping or NGS use stored formalin-fixed and paraffin-embedded (FFPE) samples for testing with a targeted cancer or disease site-specific panel, including hotspots, amplicons, or entire exons within genes where mutations are known to occur and may be relevant to treatment selection.

Clinical considerations of molecular screening
----------------------------------------------

Important considerations for molecular screening are tissue selection and the purity of tumor samples. Surgical resection specimens and diagnostic core needle biopsies are routinely FFPE to preserve histology. It is well recognized that DNA and RNA degrades after formalin fixation. The quality of nucleic acids may be particularly poor for FFPE tumor tissues that have been stored for more than 5?years \[[@B27]\]. Stored FFPE tumor tissues are routinely used for biomarker testing of ER and *HER2* status; however, this method of tissue fixation may not be appropriate for molecular characterization using high-throughput technologies. Various studies report that NGS can be performed by using FFPE samples \[[@B28]-[@B30]\], but whether routinely stored FFPE tumor tissues can be used for clinical NGS testing remains unclear.

Molecular screening using high-throughput technologies is most likely to benefit patients with metastatic breast cancer because these patients have incurable disease that will eventually become refractory to standard treatments. Hence, metastatic relapse or presentation with *de novo* metastatic disease represents a critical decision point where clinicians could organize somatic DNA sequencing or genotyping of either an archived tissue sample or fresh tumor biopsy of a metastatic lesion. It is increasingly recognized that tumor heterogeneity and clonal evolution may influence biomarker characterization for treatment selection. For example, a discordance of 5% to 15% is observed in ER and *HER2* biomarker testing between a primary tumor and a metastatic tumor biopsy obtained from the same patient \[[@B31]\], leading many authors to recommend routine re-biopsy of breast cancer patients at the time of metastatic relapse to guide clinical decision-making \[[@B32]\]. The use of archived primary tumor specimens or fresh metastatic tumor biopsies for high-throughput testing as part of a molecular screening program is an important unresolved question. Furthermore, the genomic diversity within regions of the same tumor (intra-tumor heterogeneity) and between anatomically distinct metastatic tumor sites (inter-tumor heterogeneity) \[[@B33]\] calls into question the adequacy of high-throughput molecular characterization of a single tumor specimen to inform clinical decision-making for all patients.

Notwithstanding these tissue selection issues, there are a number of technical and analytical challenges to routine NGS testing of cancers in a clinical setting. Although the workflow of NGS data alignment and comparison with reference genomes to identify mutations (or ?mutation calling?) has improved, NGS is highly dependent on sophisticated computational biology algorithms to identify a region of cancer DNA sequence as wild-type, benign SNP, or a somatic mutation \[[@B34]\]. Parallel sequencing of a patient?s germline and tumor tissue may facilitate the identification of somatic alterations; however, this increases the cost and complexity of NGS testing and introduces the potential to identify germline mutations in cancer predisposition genes, such as *BRCA1*, *BRCA2*, *TP53*, and *PTEN*, that may have additional implications for the patient and family members. There may be variations in the depth of coverage of different regions of the genome with targeted NGS, WES, or WGS. There is no consensus on the minimum threshold requirement for coverage in a clinical setting. Deep coverage of at least 500? to 1,000? may be required to ensure that the required sensitivity and accuracy meet the clinical-grade standard for the detection of somatic alterations in a clinical diagnostic setting. The Next-Generation Sequencing Standardization of Clinical Testing working group recommends that clinically actionable findings be confirmed by independent analysis using an alternative method \[[@B35]\]. This verification step increases the cost of clinical NGS testing and delays the reporting of clinically actionable results.

Targeted genomic and next-generation sequencing using clinical tumor samples
----------------------------------------------------------------------------

Studies by Thomas and colleagues \[[@B3]\], MacConaill and colleagues \[[@B36]\], and Dias-Santagata and colleagues \[[@B37]\] examined between 250 and 1,000 breast cancer and other tumor specimens for 120 to 400 mutations in 13 to 33 known oncogenes and tumor-suppressor genes by using the Sequenom platforms. These studies identified at least one mutation in 30% to 37% of tumor samples \[[@B3],[@B36],[@B37]\].

There is limited information about the clinical impact of high-throughput molecular testing \[[@B38],[@B39]\]. Sequist and colleagues \[[@B40]\] published their experience at Massachusetts General Hospital with molecular screening of 552 patients with NSCLC by using the multiplex PCR-based SNaPshot assays, which detect around 50 mutations from 14 genes, and fluorescence *in situ* hybridization (FISH) for ALK translocations. The authors identified at least one mutation in 51% of patients who underwent successful profiling, and directed 78 (22%) of 353 patients with advanced disease to a genotype-matched therapy. Tsimberidou and colleagues \[[@B39]\] successfully performed PCR, FISH, and IHC examining for 11 separate molecular aberrations in 1,144 patients at the MD Anderson Cancer Center. In their cohort, 40% of patients had at least one aberration. They matched each aberration to a targeted treatment when available and demonstrated that patients who received matched targeted therapy (n?=?175) had better overall response rates (27% versus 5%; *P* \<0.0001), longer time-to-treatment failure (median 5.2 versus 2.2?months; *P* \<0.0001), and longer overall survival (median 13.4 versus 9.0?months; *P*?=?0.017) compared with patients who did not receive matched treatment (n?=?116) \[[@B12]\]. Although these are non-randomized studies, they support the strategy of profiling patients to influence treatment recommendations and demonstrate the potential clinical benefits of tailoring therapy to individual genomic aberrations. These results are in contrast to the findings of Dienstmann and colleagues \[[@B41]\], who profiled 254 patients with chemotherapy-refractory CRC by using the Sequenom platform and did not demonstrate any significant clinical improvement from matched therapy.

More recent molecular profiling initiatives have included broader NGS platforms. Tran and colleagues \[[@B42]\] performed targeted exon sequencing with the NGS PacBio RS platform (Pacific Biosciences, Menlo Park, CA, USA) and genotyping with Sequenom platform on fresh tumor biopsies and archival samples of 50 patients. Nineteen actionable mutations were found in 16 patients, six of whom received matched therapy. Using targeted sequencing of 163 genes on the NGS HiSeq platform (Illumina, Inc.), Wagle and colleagues \[[@B43]\] sequenced 10 patients (with CRC or breast cancer). Each sample was to found to have a clinically meaningful mutation, which included *KRAS*, *BRAF*, *PIK3CA*, or *CTNNB1*, in addition to common tumor-suppressor genes. WGS and WES were performed for two patients with advanced cancer treated at the University of Michigan by Roychowdhury and colleagues \[[@B44]\]. The patient with CRC was found to have multiple somatic mutations along with CDK8 overexpression and amplification, whereas the patient with melanoma had a somatic mutation in *HRAS* with a structural rearrangement in *CDKN2C*. Foundation Medicine Inc. (Cambridge, MA, USA) recently reported that in 169 FFPE samples obtained from patients with metastatic breast cancer that had relapsed after primary surgical resection, 90% of patients had an actionable mutation and that in 124 tumors, one or more actionable mutations that would have been missed by ?hotspot assays? were detected \[[@B45]\]. The company also reported a high concordance rate (\>95%) between NGS and IHC/FISH for copy number amplification \[[@B46]\]. Using an NGS assay with a targeted panel of 145 genes, Lipson and colleagues \[[@B47]\] analyzed CRC and NSCLC FFPE samples and found a mutation linked to clinical treatment in 52.5% and 72% of cases (respectively), including two gene fusion aberrations.

Ongoing molecular screening programs
------------------------------------

Recognizing that cancer genome sequencing is likely to be integrated into routine clinical decision-making in the near future, many leading cancer research institutions and national cancer agencies have recently launched or are soon to launch broad-scale molecular screening programs for solid tumors, including breast cancer \[[@B48]\]. The majority of institutional programs use a genotyping platform such as Sequenom or SNaPshot and focus their profiling efforts on select tumor types (for example, melanoma, glioblastoma multiforme, breast, lung, colorectal, and ovarian cancer). The size of the gene panel and mutations included vary between each institution; however, in general, the panels include oncogenes linked to targeted drugs that are either approved or in development (Table?[3](#T3){ref-type="table"}). The Institut Gustav Roussy performs molecular screening as part of their personalized medicine program in several patient subgroups, including metastatic breast cancer (SAFIR01) and potential phase I clinical trial patients (MOlecular Screening for CAncer Treatment and Optimisation, or MOSCATO). Both programs use the Agilent array comparative genome hybridization (Santa Clara, CA, USA) for DNA analysis and the Ion Torrent for mutation analysis. To date, 111 patients underwent a biopsy on MOSCATO; 40% had an actionable mutation and 25 patients received matched therapy \[[@B49]\]. SAFIR01 has screened 423 patients with metastatic breast cancer; of those, 295 samples underwent successful sequencing and 140 patients had a targetable genomic alteration \[[@B50]\]. The majority of these mutations were in the PI3K/AKT pathway.

###### 

Selected national or institutional molecular screening programs in breast cancer or advanced solid tumors

  **Institution or national program**                                                                                         **Platform**                                       **Cancer(s)**                                                                        **Archival versus**                     **Additional details**
  --------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------- ------------------------------------------------------------------------------------ --------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------
  Princess Margaret Cancer Centre, Canada                                                                                     MiSeq and Sequenom                                 Breast, CRC, ovarian, NSCLC, pancreatobiliary, GU, upper aerodigestive and phase I   Archival                                Customized Sequenom panel (279 mutations, 23 genes). TSACP 48 genes, \>770 mutations. NCT01505400
  Massachusetts General Hospital                                                                                              SNaP Shot                                          NSCLC, CRC, melanoma, breast                                                         Archival                                Breast cancer: 130 mutations, 15 oncogenes.
  Dana Farber Cancer Institute                                                                                                Sequenom                                           All solid tumors                                                                     Archival                                OncoMap \~470 mutations in 41 genes.
  MD Anderson Cancer Center                                                                                                   IMPACT trial \[[@B12]\]                            All solid tumors                                                                     Archival                                Umbrella protocol (NCT00851032)
                                                                                                                              T9 Program: Sequenom                               All solid tumors                                                                     Archival                                Customized Sequenom panel (40+ genes) with Sanger confirmation.
                                                                                                                              Clearing House Protocol                            All solid tumors                                                                     NS                                      200-gene panel
  Vanderbilt-Ingram Cancer Center                                                                                             SNaPshot                                           Melanoma, NSCLC, CRC, and breast cancer                                              Archival                                Personalized Cancer Medicine Initiative: Custom breast panel: *HER2* (FISH), *PTEN* (IHC), *PIK3CA*, *AKT1*
  University of Michigan Comprehensive Cancer Center                                                                          WGS and multi-gene sequencing - Illumina HiSeq     All solid tumors                                                                     Fresh biopsies                          PARADIGM (University of Michigan Health system joint venture with ICGC)
  To be conducted in CLIA-certified lab                                                                                                                                                                                                                                                                       
  Memorial Sloan-Kettering Cancer Center                                                                                      Clinical and Research Assays: Sequenom and MiSeq   All solid tumors                                                                     Archival                                275 genes
  NCT01775072                                                                                                                                                                                                                                                                                                 
  Mayo Clinic Cancer Center                                                                                                   Whole-genome sequencing (platform NS)              Breast                                                                               Fresh biopsies and surgical specimens   BEAUTY Breast Cancer Genome Guided Therapy study
  Sequence patients with pCR. Tumor samples before neoadjuvant chemotherapy and during chemotherapy and surgical resection.                                                                                                                                                                                   
  Institut Gustav Roussy, France                                                                                              aCGH and DNA sequencing                            Breast, phase I                                                                      Biopsy                                  MOSCATO (phase I) and SAFIR (breast). SEQCan 46 genes, 739 hotspot mutations
  Institut Curie, Institut National du Cancer (French National Cancer Institute)                                              AmpliSeq panel and Ion Torrent PGM                 All solid tumors                                                                     Fresh biopsies (FFPE and frozen)        SHIVA Phase II trial: NCT01771458. PMID: 23161020. Mutations and amplifications in 46 genes. Multiple eligible targeted therapies
  Institut National du Cancer (French National Cancer Institute)                                                              Platform NS                                        GIST, melanoma, CRC, NSCLC, and stomach and breast cancer                            NS                                      Nationwide. *HER2* amplification, mutations in *KIT*, *PDGFR*, *KRAS*, *BRAF*, *EGFR*, *HER2*, *PIK3CA*, *ALK* translocation
  Cancer Research UK ? Stratified Medicine Programme                                                                          Targeted sequencing of select genes                Breast, melanoma, prostate, ovarian, CRC, and NSCLC                                  Archival                                Breast panel includes sequencing *PIK3CA* (exons 9 and 20), *TP53* (exons 4?9), *PTEN* (exons 2?10, LOH)
  The Netherlands: CPCT                                                                                                       Targeted sequencing (platform NS)                  Solid tumors                                                                         Biopsy                                  Nested therapeutic clinical trials and basic sciences research. More than 1,200 genes to be sequenced
  Norway Nationwide program                                                                                                   Whole-genome sequencing (platform NS)              Solid tumors                                                                         Fresh and archival samples              Norwegian Cancer Genomics consortium
  In its three-year pilot phase: sequence 1,000 tumor genomes and 3,000 archival samples                                                                                                                                                                                                                      
  Lunds Universetit, Sweden                                                                                                   Whole-transcriptome sequencing                     Breast cancer                                                                        Archival                                South Sweden Cancerome Analysis Network -Breast

aCGH, array comparative genome hybridization; CLIA, Clinical Laboratory Improvement Amendments; CPCT, Centre for Personalized Cancer Treatment; CRC, colorectal cancer, FFPE, formalin-fixed and paraffin-embedded; FISH, fluorescence *in situ* hybridization; GIST, gastrointestinal stromal tumor; GU, genitourinary; ICGC, International Cancer Genome Consortium; IHC, immunohistochemistry; IMPACT, IMmunotherapy Prostate AdenoCarcinoma Treatment; LOH, loss of heterozygosity; NS, not stipulated, NSCLC, Non-small cell lung cancer; pCR, pathological complete response; PGM, Personal Genome Machine; TSACP, Truseq amplicon cancer panel; WGS, whole-genome sequencing.

Beyond these institutional initiatives, nation-wide molecular screening programs have been launched or are in development. Cancer Research United Kingdom has initiated the ?Stratified Medicine Programme? across seven cancer research hospitals in the UK to perform molecular profiling for approximately 20 alterations in eight genes by using archival tumor material from 9,000 patients with advanced melanoma, breast, prostate, ovarian, colorectal, and NSCLC over 2?years \[[@B51]\]. The details of the platform that will be used for molecular profiling have not been publicly disclosed. Norway and The Netherlands have initiated similar strategies, using whole-genome and targeted exon sequencing, respectively.

With the advent of commercially available genomic sequencing through for-profit companies like Foundation Medicine, Caris Life Sciences (Irving, TX, USA), and 23andMe (Mountain View, CA, USA), patients and physicians can arrange to have tumor specimens sequenced outside of a clinical trial, or institutional or national screening program. For many patients, the costs of private genomic testing are prohibitive at this point in time. Moreover, the clinical utility of stand-alone genomic testing services is uncertain, as patients are most likely to benefit from genomic testing of their cancers if it is linked to a broader program that provides access to approved or investigational targeted drugs in early-phase clinical testing.

Conclusions
===========

Advances in DNA sequencing technology will revolutionize the concept of personalized breast cancer medicine. Future drug development will likely involve targeted therapies (or combinations of targeted therapies) for molecularly defined subpopulations of patients with breast cancer. The traditional clinical trial paradigm of sequentially screening for individual molecular alterations that determine eligibility for a particular clinical trial with an experimental agent is not well suited to the era of personalized breast cancer medicine. Given the inherent molecular complexity of breast cancer and the growing demand for treatment individualization, a novel ?molecular screening? approach that involves comprehensive genomic characterization early in a patient?s disease course that is linked to an experimental therapeutics program with broad access to investigational therapies in early-phase clinical trials is most likely to advance personalized breast cancer medicine. Additional studies are needed to evaluate the feasibility, clinical utility, and cost-effectiveness of molecular screening in breast cancer using high-throughput next-generation sequencing technology.
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AI: Aromatase inhibitor; CRC: Colorectal cancer; ER: Estrogen receptor; FFPE: Formalin-fixed and paraffin-embedded; FGFR: Fibroblast growth factor receptor; FISH: Fluorescence *in situ* hybridization; HER2: Human epidermal growth factor receptor 2; IHC: Immunohistochemistry; MOSCATO: MOlecular Screening for CAncer Treatment and Optimisation; NGS: Next-generation DNA sequencing; NSCLC: Non-small cell lung cancer; PCR: Polymerase chain reaction; PGM: Personalized Genome Machine; SNP: Single-nucleotide polymorphism; TCGA: The Cancer Genome Atlas; WES: Whole-exome sequencing; WGS: Whole-genome sequencing.
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